mTOR [mechanistic target of rapamycin] is a serine/threonine protein kinase that, as part of mTORC1 (mTOR complex 1), acts as an important molecular connection between nutrient signals and the metabolic processes indispensable for cell growth. While there has been pronounced interest in the upstream mechanisms regulating mTORC1, the full range of downstream molecular targets through which mTORC1 signaling stimulates cell growth is only recently emerging. It is now evident that mTORC1 promotes cell growth primarily through the activation of key anabolic processes. Through a diverse set of downstream targets, mTORC1 promotes the biosynthesis of macromolecules, including proteins, lipids, and nucleotides to build the biomass underlying cell, tissue, and organismal growth. Here, we focus on the metabolic functions of mTORC1 as they relate to the control of cell growth. As dysregulated mTORC1 underlies a variety of human diseases, including cancer, diabetes, autoimmune diseases, and neurological disorders, understanding the metabolic program downstream of mTORC1 provides insights into its role in these pathological states.
Introduction
Cellular metabolic homeostasis requires the coordinated conversion of nutrients (e.g., glucose and amino acids) and energy (ATP) into macromolecules (e.g., proteins, nucleic acids, and lipids) through anabolic processes and the recycling of these macromolecules back into their nutrient components, which can be further catabolized to produce energy ( Figure 1A ). With a continuous input of nutrients, this interconversion of nutrients and macromolecules can, theoretically, be self-sustaining. However, cells and organisms possess distinct systems to sense fluctuations in nutrients and energy to properly adapt their metabolic state to nutrient availability (feast) or depletion (famine) [1] . At the cellular level, these nutrient sensing mechanisms involve transcription factors, such as hypoxia-inducible factor 1 (HIF1) and sterol regulatory element-binding protein (SREBP), which can alter the metabolic program of the cell through the expression of nutrient transporters and metabolic pathway-specific enzymes. In addition, acute adaptations to changes in intracellular nutrients and energy can be achieved through nutrient sensing signaling proteins, such as the protein kinases glucose non-fermenting 2 (GCN2) and AMP-activated protein kinase (AMPK). Here, we discuss the mechanistic (or mammalian) target of rapamycin (mTOR) complex 1 (mTORC1) as a nutrient sensing protein kinase that acts as a master regulator of cellular metabolism. Through a network of upstream signaling pathways, mTORC1 integrates signals from intracellular nutrients and energy with endocrine and paracrine signals reflecting the status of the system or tissue, in the form of exogenous growth factors, hormones, and cytokines, to reciprocally regulate a variety of anabolic and catabolic processes ( Figure 1B ). Through its control of cellular metabolism, mTORC1 promotes the production of biomass to support growth and proliferation or the stable storage of energy in highly reduced macromolecules, such as lipids. The importance of coordinated regulation of distinct biosynthetic processes and metabolic pathways that support anabolic metabolism downstream of mTORC1 is discussed below.
An upstream signaling network regulates mTORC1 through the Rag and

Rheb GTPases
The activation state of mTORC1 is tightly controlled by numerous upstream signaling pathways that respond to either exogenous growth factors through cell surface receptors or changes in intracellular nutrients and energy through cytosolic sensors. These mTORC1 regulatory pathways, which have been extensively reviewed in recent years [2, 3] , impinge on two systems of small G proteins and their regulators that reside, at least in part, on the cytosolic face of lysosomes ( Figure 2 ). The Rag GTPases function as a heterodimer of RagA or B bound to RagC or D and their guanine-nucleotide binding state is regulated by several multi-protein complexes, including the Ragulator and GATOR complexes [4] [5] [6] [7] . The molecular functions of these protein complexes are still emerging but are influence by the presence or absence of specific amino acids, such as leucine and arginine [8, 9] , which promote the accumulation of Rag heterodimers containing GTP-bound RagA/B in complex with GDP-bound RagC/D. In this amino acid-stimulated state the Rag heterodimer, bound to the Ragulator, serves as a docking site for mTORC1 at the lysosome, thereby facilitating its subsequent activation by the Rheb GTPase [4] .
A sub-population of Rheb (Rheb1 and Rheb2/Rhebl1) resides at the lysosomal surface and, in the GTP-bound state, is essential for mTORC1 activation [10, 11] . The only established regulator of Rheb is a GTPase-activating protein (GAP) complex comprised of the tuberous sclerosis complex (TSC) proteins TSC1 and TSC2 and the TBC domain protein TBC1D7, referred to as the TSC complex [2, 12] . Within this complex, TSC1 scaffolds TSC2 and TBC1D7 together and stabilizes them. While the molecular function of TBC1D7 is unknown, TSC2 possesses the GAP activity toward Rheb and is regulated by multi-site phosphorylation downstream of several protein kinase signaling pathways. In this manner, the TSC complex integrates signals from growth factor pathways, such as the PI3K-Akt and Ras-Erk pathways, and stress response kinases, such AMPK, which is activated in response to cellular energy depletion. Pro-growth signals from growth factor and nutrient sensing pathways inhibit the TSC complex to promote the accumulation of Rheb-GTP and its activation of mTORC1, while growth-suppressing signals, including growth factor withdrawal, nutrient depletion or cellular stress, activate the TSC complex to decrease Rheb-GTP levels and shut down mTORC1 signaling.
Growth factor signaling through the PI3K-Akt pathway, and perhaps other signals, regulate mTORC1 by influencing co-localization of the TSC complex with Rheb at the lysosomal surface [11, 13] . The Akt-mediated phosphorylation of TSC2 results in immediate release of the TSC complex from Rheb, allowing Rheb to become GTP loaded and activates mTORC1 [11] . While signals relaying the presence of exogenous growth factors and sufficient intracellular nutrients and energy are both required for full activation of mTORC1, nutrient and energy signals from within the cell are dominantly required for mTORC1 to perceive signals propagated by growth factor pathways. This hierarchy stems, at least in part, from differential spatial regulation of mTORC1 and the TSC complex [11] . For instance, in the absence of amino acids, growth factor signaling pathways that stimulate release of the TSC complex from Rheb at the lysosome will fail to activate mTORC1 because Rag heterodimers will be in a conformation unable to dock mTORC1 at the lysosomal surface where GTPbound Rheb is present.
Importantly, the TSC proteins are tumor suppressors and some of the most commonly mutated oncogenes (e.g., PI3K, Ras) and tumor suppressors (e.g., PTEN, LKB1, NF1) lie within the signaling pathways that regulate the TSC complex [14] . As such, the TSC complex is aberrantly inhibited in the majority of human cancers, resulting in uncontrolled mTORC1 signaling in tumors. The metabolic program discussed below, which is activated downstream of mTORC1 might play a particularly important role in the growth of tumors [15] .
mTORC1 activation promotes anabolic metabolism
Through a variety of transcriptional, translational, and post-translational mechanisms, mTORC1 stimulates an increase in biosynthetic processes that are otherwise maintained at basal, homeostatic states. As such, it should be emphasized that mTORC1 is not required for the anabolic processes described below, but serves as an essential link between growth signals and heightened biosynthetic activities.
Protein synthesis
Proteins constitute approximately 50% of the biomass of cells. mTORC1 plays a central role in the induction of protein synthesis in response to cellular growth signals. mTORC1 directly phosphorylates the eukaryotic translation initiation factor 4E (eIF4E)-binding proteins (4E-BP1 and 2), thereby stimulating release of 4E-BP from its inhibitory binding of eIF4E at the 5′-cap of mRNAs [16, 17] . The release of eIF4E allows it to bind to eukaryotic translation initiation factors 4G (eIF4G) and 4A (eIF4A) to form the active eIF4F translation initiation complex [18] . While mTORC1 can influence global protein synthesis, it acutely controls the translation of a subset of mRNAs possessing 5′-terminal oligopyrimidine (TOP) tracts [19] . Importantly, this class of mRNAs encode for components of the translation apparatus, including ribosomal proteins and translation factors, an increase in which enhances the total protein synthesis capacity of the cell. The 5′-TOP sequence has a cytosine at the transcriptional start site, comprising the 5′-end of the mRNA, followed by a stretch of 4 to 14 pyrimidines. Recent studies using high-resolution transcriptome-scale ribosome profiling have confirmed that the translation of mRNAs containing 5′-TOP and TOP-like sequences is highly sensitive to mTOR inhibitors [20, 21] . The selective regulation of 5′-TOP mRNA translation by mTORC1 depends on its regulation of the 4E-BPs. However, the molecular mechanism by which 4E-BP regulation selectively influences ribosome occupancy for this subset of mRNAs is unknown. The La-related protein 1 (LARP1) has been found to directly interact with mRNAs containing a 5′TOP motif to influence their stability and translation [22] [23] [24] . Evidence suggests that mTORC1 regulates LARP1, but conflicting data currently exist regarding whether LARP1 is a positive or negative regulator of 5′-TOP mRNA translation.
The ribosomal S6 protein kinases, S6K1 (comprised of the p70 and p85 isoforms) and S6K2, are also direct targets of mTORC1 that, through a variety of downstream substrates, regulate aspects of mRNA translation [25] . As their name indicates, these proteins were identified based on their ability to phosphorylate the 40S ribosomal protein S6. While the molecular function of the highly conserved phosphorylation sites on S6 remains elusive, the S6Ks have been found to engage other proteins in the translation machinery. S6K activates the eIF4A RNA helicase activity within the eIF4F complex by phosphorylating and recruiting its binding partner eIF4B, while also phosphorylating the eIF4A inhibitory protein programmed cell death 4 (PDCD4), which targets it for degradation [26] [27] [28] . In this manner, S6K is believed to promote the eIF4A-mediated unwinding of mRNAs with highly structured 5′-untranslated regions to facilitate their translation. S6K also phosphorylates and inhibits the eukaryotic elongation factor 2 (eEF2) kinase (eEF2K), thereby relieving the inhibition of eEF2 by eEF2K and enhancing translation elongation [29, 30] . Finally, S6K1 has been found to influence mRNA maturation by phosphorylating and regulating components of the splicing machinery [31, 32] .
Enhancing ribosome biogenesis is a major function of mTORC1 [33] . In addition to stimulating the synthesis of ribosomal proteins through the induction of 5′-TOP mRNA translation, mTORC1 also positively regulates the Pol I-and Pol III-dependent transcription of the different classes of ribosomal RNAs through mechanisms that are still emerging [34] . One such mechanism involves the direct phosphorylation and inhibition of MAF1, a key repressor of Pol III-mediated transcription [35] [36] [37] [38] 
Nucleotide synthesis
In addition to protein, enhanced synthesis of the nucleic acids RNA and DNA, comprised of purine and pyrimidine nucleotides is required for cell growth. As described above, mTORC1 signaling promotes an increase in ribosome biogenesis, a hallmark of growing cells. The majority of intracellular nucleotides reside in the ribosome, as rRNA molecules comprise approximately 55% of the mass of ribosomes. As such, an increase in ribosome biogenesis is accompanied by a great increase in the demand for more nucleotides, which can be acquired through either de novo synthesis or exogenous uptake (nucleotide salvage). Proliferating cells, including activated lymphocytes and cancer cells, strongly induce the de novo nucleotide synthesis pathways, likely due to limiting concentrations of nucleosides and nucleobases available in our blood [39] . Recent studies have demonstrated that mTORC1
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signaling promotes de novo pyrimidine and purine synthesis through a variety of transcriptional and post-translational mechanisms. Activation of mTORC1 leads to the acute stimulation of de novo pyrimidine synthesis through the S6K1-dependent phosphorylation of a multifunctional enzyme called CAD (carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydro-orotase), which catalyses the first three steps in pyrimidine synthesis [15, 40, 41] (Figure 3) . Importantly, the S6K1-mediated phosphorylation of CAD is not required for the basal activity of this metabolic pathway but serves to increase pathway activity in response to growth signals that stimulate mTORC1 signaling.
mTORC1-activating stimuli also enhance de novo purine synthesis through transcriptional effects on multiple enzymes that feed into the purine synthesis pathway, including those of the pentose phosphate pathway (PPP), serine and glycine synthesis, and the mitochondrial tetrahydrofolate (mTHF) pathway [42] . The enzyme MTHFD2 (Methylene Tetrahydrofolate Dehydrogenase 2) is particularly sensitive to the activation state of mTORC1 and, as part of the mTHF cycle, provides cytosolic one-carbon formyl units required for purine synthesis ( Figure 3 ). mTORC1 signaling elevates MTHFD2 expression by increasing translation of the mRNA encoding the ATF4 transcription factor, the increased level of which directly stimulates MTHFD2 transcription [42] . Interestingly, an accompanying study suggested that mTOR promotes assembly of a complex of purine synthesis enzymes, referred to as the purinosome, proximal to the outer surface of mitochondria [43] . This observation could provide a mechanism that facilitates the use of mitochondrial-derived one-carbon units in two essential enzymatic steps of the cytosolic purine synthesis pathway. Two additional transcription factors known to function downstream of mTORC1, Myc and SREBP, were also found to contribute to enhanced purine synthesis in response to mTORC1 activation [42] (Figure 3 ). Myc has been established to induce the expression of multiple enzymes in both the pyrimidine and purine synthesis pathways [44] . Thus, in parallel to its induction of ribosome biogenesis, mTORC1 promotes the de novo production of nucleotides to sustain rRNA synthesis and, in proliferating cells, DNA synthesis.
A major metabolic pathway required for the synthesis of both pyrimidine and purine nucleotides is the PPP, which is the sole source of glucose-derived ribose. Ribose 5-phosphate is the product of two distinct branches of the PPP: the irreversible oxidative branch, which through the oxidation of glucose 6-phosphate also generates reducing equivalents in the form of NADPH, and the non-oxidative branch, a series of reversible reactions generating ribose from glycolytic intermediates. In order to be used for nucleotide synthesis, ribose 5-phosphate is converted to phosphoribosyl pyrophosphate (PRPP) through the action of 5-phosphoriboylsynthetase (PRPS) (Figure 3) . A recent study found that overexpressed Myc enhances the eIF4E-driven translation of PPRS2 to promote nucleotide synthesis [45] , suggesting another level of regulation by downstream components of the mTORC1 pathway. Another study measuring the effects of mTORC1 activation and inhibition on relative flux through the two branches of the PPP found that mTORC1 preferentially stimulates flux through the NADPH-producing oxidative branch [46] . This occurs predominantly through the transcriptional induction of genes encoding oxidative PPP enzymes, which is driven, at least in part, by SREBP1. Through this regulation, mTORC1 promotes not only the production of ribose 5-phosphate, but also NADPH, providing essential reducing power to drive the anabolic processes of nucleotide and lipid synthesis.
Lipid synthesis
The stimulation of cell growth, as well as the uncontrolled growth of cancer cells, is often accompanied by an increase in de novo lipid synthesis to meet the demand for increased lipids required for organellar and plasma membrane biogenesis [47] . mTORC1 appears to play a key role in relaying growth factor and oncogenic signals to downstream regulators of lipid synthesis. The SREBPs (SREBP1a, 1c and 2) are a family of transcription factors that directly induce the expression of genes encoding the major lipogenic enzymes involved in the synthesis of both fatty acids and sterols [48] . It is now well established in different settings that mTORC1 signaling promotes SREBP processing events that lead to its activation of lipogenic gene expression and enhanced lipid synthesis [46, [49] [50] [51] [52] [53] [54] . Several downstream targets of mTORC1 have been found to influence SREBP processing and activation, including S6K1 [46, 53, 55] , lipin1 [52] , and CREB regulated transcription coactivator 2 (CRTC2) [24] . While the precise molecular mechanism(s) remains to be characterized, it seems likely that, by analogy to protein and nucleotide synthesis, mTORC1 controls SREBP and lipid synthesis through multiple inputs. An important question requiring further investigation is how mTORC1 activation influences the lipid content of cells. It is possible that in actively growing cells, mTORC1 signaling channels de novo synthesized lipids toward membrane phospholipids and away from storage lipids (e.g., triglycerides) through additional downstream targets, such as the phosphatidic acid phosphatase lipin1 [56] . The importance of coupling the mTORC1-driven increase in protein synthesis with its stimulated increase in lipid synthesis and membrane expansion has been well illustrated in studies demonstrating that perturbing lipid synthesis in settings of mTORC1 activation can cause endoplasmic reticulum (ER) stress [57, 58] . Studies such as these provide a further rationale for the biosynthesis of the three major classes of macromolecules (proteins, nucleotides, and lipids) being tightly coordinated through parallel mechanisms downstream of mTORC1.
Anabolic support pathways
In addition to the production of reducing power in the form of NADPH through the mTORC1-mediated control of the oxidative PPP [46] , mTORC1 also induces the processes of glycolysis and glutaminolysis to further support its anabolic functions. The phenomenon known as the Warburg Effect (aerobic glycolysis), where cells take up more glucose and convert a majority of this additional glucose to lactate, even under normal oxygen concentrations (normoxia), is now well recognized to support anabolic cell growth under both physiological (immune cell activation) and pathological (cancer) states [59] . Aerobic glycolysis is believed to provide ample glycolytic intermediates to promote metabolic flux into the side branches of glycolysis required for the synthesis of ribose, glycerol, nonessential amino acids, and one-carbon units, thereby supporting the synthesis of macromolecules. mTORC1 signaling can promote aerobic glycolysis through upregulation of the hypoxia inducible factor (HIF1α) transcription factor [46] , which induces expression of glucose transporters and nearly all enzymes of glycolysis [60] . As its name implies, HIF1α is predominantly activated under conditions of hypoxia, where its levels can increase some 50-fold due to increased protein stability. However, under normoxic conditions mTORC1, through its phosphorylation and inhibition of 4EBP1, can enhance the capdependent translation of the HIF1α mRNA leading to an approximately 5-fold increase in protein levels, without changes in stability, which is sufficient to activate the glycolytic program [46, [61] [62] [63] . One implication of this regulation is that in a growing tumor, the capacity of mTORC1 to promote HIF1α activity would enhance glycolysis even in oxygenated areas of the tumor with high mTORC1 signaling. The mTORC1-mediated regulation of aerobic glycolysis through HIF1α is also important in expanding immune cell populations [64, 65] . Like HIF1α, Myc can also induce the expression of genes involved in glucose uptake and glycolysis and can be translated in an mTORC1-dependent manner in some settings [66, 67] . The mTORC1-mediated control of Myc has also been found to contribute to glutaminolysis and its role in anaplerosis. Glutamine is catabolized to the TCA cycle intermediate α-ketoglutarate (or oxoglutarate), through two deamination reactions involving glutaminase (GLS) and glutamate dehydrogenase (GDH). Activation of the mTORC1 pathway has been shown to promote the anaplerotic entry of glutamine-derived carbon into the TCA cycle via regulation of both of these enzymes, at least in part, through the S6K1-dependent regulation of c-Myc [68, 69] . This regulation serves to replenish TCA cycle intermediates that are consumed as essential precursors for the synthesis of proteins, nucleotides and lipids.
Inhibition of catabolic processes Autophagy and Lysosomal Degradation
Autophagy is a highly conserved catabolic pathway that is activated in response to nutrient and energy deprivation, at least in part, through the inhibition of mTORC1 signaling. The process of autophagy serves to recycle cytosolic components, such as proteins and organelles, into their nutrient components through engulfment in a membranous structure called the autophagosome, which subsequently fuses with the lysosome for degradation of its components. The autophagy pathway is made up of several distinct regulatory complexes, among which the ULK1 (Unc51-like kinase 1) complex functions as important gatekeeper for the induction of autophagy [70] [71] [72] [73] . ULK1 is a Ser/Thr protein kinase that functions in a complex with ATG13, FIP200, and ATG101 to initiate the process of autophagy and is reciprocally regulated by mTORC1 and AMPK [74] [75] [76] . The reversible phosphorylation of ULK1 by mTORC1 under nutrient and energy rich conditions and AMPK under states of energy depletion serve to, respectively, inhibit and activate the initial steps of autophagy through effects on subsequent ULK1-regulated processes [75, 77, 78] . Through less welldefined mechanisms, mTORC1 also targets the function of other proteins involved in the early stages of autophagy, such as Atg13 [70, 79] Atg14L [80] , Ambra1 (Autophagy/beclin-1 regulator 1) [81] . mTORC1 has recently been shown to phosphorylate the autophagy pathway component UVRAG (UV radiation resistance-associated gene product) to mediate regulation of autophagy at later stages, including autophagosome maturation [82] . Through these, and likely other downstream targets, the regulation of mTORC1 is a key link between the sensing of intracellular nutrients and the control of autophagy as a key adaptive mechanism to recycle macromolecules into nutrients in times of need.
It is now clear that the crosstalk between mTORC1 activity and lysosomal function extends beyond the regulation of autophagy. As mentioned above, mTORC1 is activated by Rheb at the lysosomal surface in response to signals from amino acids acting on the Ragulator-Rag complex. The Ragulator has been found to associate with the large vacuolar H + -adenosine triphosphatase (v-ATPase) complex, which functions to acidify lysosomes, and mTORC1 signaling requires a functional v-ATPase [83] . In this manner, mTORC1 activity can monitor lysosomal function. It is now evident that mTORC1 inhibition in response to nutrient deprivation, lysosomal dysfunction, or pharmacological inhibition, induces a transcriptional program to promote lysosome biogenesis and enhance the activity of lysosomes [84] [85] [86] [87] [88] . TFEB and its related transcription factors, TFE3 and MITF, induce the expression of genes encoding components of the v-ATPase, lysosomal enzymes, and autophagy proteins [89, 90] . When mTORC1 is active, it phosphorylates TFEB and sequesters it in the cytosol, thereby attenuating the production of lysosome and autophagy components, whereas mTORC1 inhibition promotes TFEB nuclear translocation and induction of its transcriptional program. TFEB regulation by mTORC1 thus acts as another mode of adaptive regulation to fluctuations in intracellular nutrients. Through its enhancement of lysosome-mediated degradation, mTORC1 inhibition has also been found to facilitate the consumption and degradation of extracellular materials, from exogenous proteins or dead cells, as an adaptive response to nutrient depletion, or the perception there of [91, 92] .
Lipolysis and fatty acid oxidation
In addition to promoting lipid synthesis, there is evidence that mTORC1 signaling blocks the release and catabolism of lipids for energy [93] . Cells can maintain energy-rich lipid stores in the form of lipid droplets [94] . While lipid droplets are not unique to adipocytes, adipose tissue plays a particularly important role in the dynamic and systemic storage and release of fatty acids during feeding and fasting cycles. Lipid droplets store fatty acids as triacylglycerols (TAG), and the mobilization of fatty acids from these stores requires lipolysis, a process that mTORC1 signaling is believe to suppress, at least in adipocytes. An increase in circulating lipids is a feature of systemic rapamycin treatment in humans [95, 96] , and this is also observed in mice with loss of function mutations in the mTOR pathway [97] . Rapamycin can stimulate lipolysis in cultured adipocytes, and mTORC1 signaling appears to suppress the function of hormone sensitive lipase (HSL) and adipose triacylglycerol lipase (ATGL), the major lipases responsible for fatty acid release from lipid droplets [98] [99] [100] [101] . Free fatty acids can be subsequently oxidized in the mitochondria to produce energy, and mTORC1 signaling appears to suppress the expression of key mitochondrial transporters and enzymes required for fatty acid oxidation, at least in part, through attenuation of PPARα transcriptional activity [102] . Further studies are needed to understand the mechanistic details of mTORC1-mediated inhibition of lipolysis and fatty acid oxidation and how it influences metabolic homeostasis at the cellular, tissue-specific, and systemic levels.
Conclusions and impact on human diseases
It is now evident that mTORC1 serves as a key molecular link between signals that control cell growth and the metabolic processes that underlie growth (Figure 2 ). It should be emphasized that, while mTORC1 is essential for the survival of organisms from yeast to mammals [103, 104] , it is not generally required for the basal activity of the metabolic pathways it controls. As such, inhibition of mTORC1 is not equal to direct inhibition of a metabolic enzyme in the given pathway. However, the signal-integrating capacity of mTORC1 acts as a rheostat for cellular metabolism, reinforcing shifts between anabolic and catabolic processes as the nutrient state of the local and systemic environment changes.
Given the diversity of metabolic processes controlled by mTORC1, it is not surprising that dysregulated mTORC1 signaling has been implicated in a variety of human diseases. These diseases include those characterized by uncontrolled growth, including somatic overgrowth disorders (e.g. macrocephaly, proteus syndrome), tumor syndromes (e.g., Cowden syndrome, TSC, lymphangioleiomyomatosis), and the majority of sporadic cancers [105, 106] . These settings are likely to offer the clearest insights into the biological consequences of aberrant uncoupling of normal control mechanisms upstream of mTORC1 from the pro-growth metabolic program that mTORC1 induces. While rapamycin (sirolimus) is being used alone and in combination with other drugs for the treatment of these growth and neoplastic diseases, it is most commonly used as an immunosuppressant following organ transplantation or in a variety of autoimmune disorders [107, 108] . Importantly, mTORC1 activation is closely associated with dynamic changes in T cell metabolism that allow differentiation and expansion of T-cell populations [109] [110] [111] [112] . One might speculate that mTORC1 activates T cells by driving a similar metabolic program to that of tumor cells. It is interesting to note that, like rapamycin, inhibitors of nucleotide synthesis are commonly used immunosuppressants [113] [114] [115] , as activated lymphocytes exhibit increased de novo nucleotide synthesis on which they are highly dependent [116, 117] . As discussed above, rapamycin also attenuates de novo nucleotide synthesis [40] [41] [42] 102] , suggesting an important underlying mechanism that might contribute to its immunosuppressant effects.
While some progress has been made in understanding the role of mTORC1-mediated metabolic changes in cancer and immunity, it has been more difficult to determine the contributions from alterations in cellular metabolism in other disease settings where mTORC1 has been implicated [118] . This is most evident with a diverse array of neurological disorders with distinct etiologies, including epilepsy, autism, and neurodegenerative diseases, for which there is intense interest in the mTORC1 network. The metabolic program associated with mTORC1 signaling will vary, at least in part, between different cell types and tissues. Understanding this complexity is key to defining the role of mTORC1 in the control of systemic metabolic homeostasis and metabolic diseases, including obesity, type-2 diabetes, and cardiovascular disease. Finally, dietary restriction and rapamcyin treatment, both of which inhibit mTORC1, are among the most evolutionarily conserved perturbations that prolong organismal lifespan, from yeast to mice. However, it is currently unknown how changes to the metabolic processes downstream of mTORC1 contribute to the beneficial effects of its inhibition for the promotion of longevity and prevention of age-related diseases, including cancer, neurodegeneration, and type-2 diabetes. The activation state of mTORC1 in response to growth factors and nutrients depends on regulatory inputs into small GTPases of the Rheb and Rag families. The TSC complex integrates a variety of growth signals and, under conditions of nutrient or growth factor withdrawal, functions as a GTPase-activating protein (GAP) to negatively regulate Rheb, which is an essential activator of mTORC1. A heterodimer of RagA or B bound to RagC or D is regulated by amino acids through the Gator1 and Ragulator complexes. In the presence of amino acids, the Rag proteins bind to mTORC1 and promote its activation by Rheb. When activated, mTORC1 regulates various cellular processes that promote macromolecular synthesis and cell growth. This occurs through parallel transcriptional, translational, and post-translational effects on downstream targets. This figure emphasized the metabolic outputs of mTORC1 signaling. In response to growth signals, mTORC1 activation leads to S6K1 mediated-phosphorylation of CAD, the rate-limiting enzyme of the de novo pyrimidine synthesis pathway, thereby acutely stimulating an increase in pyrimidine synthesis. Through downstream effects on transcription factors that induce expression of key metabolic enzymes, mTORC1 activation also increases the de novo purine synthesis pathway. One such mechanism involves activation of ATF4 and its induction of serine synthesis and mTHF enzymes, which contribute one-carbon formyl units to the purine ring. Purine and pyrimidine nucleotides are depicted and color coded by the source of their carbon, nitrogen, and oxygen moieties assembled through the de novo synthesis pathways.
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